Theoretical study of indices potentially useful for Investigation of the reactivity of the recently discovered Z-DNA double helix is presented. The electrostatic potential minima and the steric accessibility of reactive sites are calculated. The effect of screening the phosphate groups by metal cations is investigated. The results are compared with those for the B-DNA double helix.
INTRODUCTION
A recent crystallographic study of the self-complementary hexamer d(CpGpCpGpCpG) by Wang et a!. (1, 2) led to the discovery of a family of new DNA double helices, termed Z-DNA's. These Z-DNA's differ markedly from the well known B-DNA structure, roost notably, because they form left-handed helices. Further, their repeat unit 1s a dinucleotide, rather than a mononucleotide as in B-DNA; their constituent nucleotides, dG and dC, differ 1n their sugar conformations, 3' endo and 2' endo respectively, their glycosidic torsion angles, ^yji and anti respectively; 1n addition, the two phosphates, GpC and CpG differ in the phosphodiester torsional angles.
Similar left-handed helices have also been found 1n crystal studies of related tetranucleotides (3, 4) always with the alternating base sequence ( C I G ) and Arnott et ai. (5) have presented evidence for Z-DNA conformations 1n fibers of poly(dG.dT).poly(dA.dC). Sarma et al. (6) brought forward conclusive evidence for the persistence of the Z-DNA structure of poly(dG.dC).poly (dG.dC) in solution and 1t has been suggested and shown to be geometrically feasible that sections with a Z-DNA conformation may be interspersed within long B-DNA double helices (1, 2) . On the basis of their results Wang et al. (2) have proposed idealized molecular coordinates for a continuous double helix po1y(dG.dC).poly(dG.dC).
The problem of understanding the implications of this new structure of deoxyribonucleic add for its biochemical behavior and, particularly, for its reactivity has been posed. Indeed, suggestions of an increased susceptibility of certain sites within Z-DNA toward attack by carcinogens have been put forward (1) .
In the present publication we carry out a preliminary investigation on these possibilities by studying both the electrostatic potentials and the steric accessibility of potentially reactive sites within a Z-DNA double helix and, in addition, by investigating the Influence upon these properties of the screening by metal cations of the anionic phosphate groups of the acid.
Similar investigations have been made for B-DNA in a recent series of publications from this laboratory (see e.g. 7-9 and references contained therein), and have resulted in a satisfactory explanation of a large number of experimental data on its biochemical reactivity. More recently these stuPhp dies have been extended to a transfer Hbonucleic acid, tRNA (10, 11) .
METHOD
At present, Wang et al. (2) have solved the structures of four hexanucleotide crystals d(CpGpCpGpCpG), which have been found to be closely related. From these results two sets of idealized coordinates for poly(dG.dC).poly(dG. dC) double helices have been proposed. The difference between these two structures, termed respectively Z, and Z,,, lies in the GpC phosphate conformation which is tg for Z, and tg + for ZJJ, following the conventional notation of Sundaralingan (12) . In the present investigation we have based our calculations upon the 1, structure, as the corresponding GpC phosphate conformation is the more common one in the crystal structures solved (11 tg versus 5 tg ). As a model of a continuous Z-DNA (Z,) double helix we have adopted one complete helical turn, that is, 6 dinucleotide repeating units, or 12 phosphates, sugars and bases in each helical strand. This model is represented schematically in figure la, where the dotted lines separate the repeating dimer units of the structure. In this model there are two central and spatially equivalent base pairs and two central GpC phosphates. These units are the subject of our present study.
The technique of calculating the molecular electrostatic potential of a macromolecule has been described in detail in previous publications (7, 8) . We recall here simply that the procedure consists primarily of the calculation of an ab initio wavefunction for each of the subunits of the structure, in the present case the guanine and cytosine bases, two phosphates and two sugars of differing conformations. From these wavefunctions, a multi center multipole expansion of the associated electron distribution may then be developed which has been shown to lead to a satisfactory reproduction of the electrostatic o potential field of the subunit (13) down to a distance of 2A from its constituent atoms. Below this distance exact potentials must be calculated; after which these individual potentials are appropriately superposed to yield the overall potential of the macromolecule. We are currently concerned with investigating the possible attack of the Z-DNA double helix by electrophiles. Thus we shall concentrate our attention on the sites of Z-DNA associated with negative potential minima which lie close to atoms, generally electronegative, of the nucleic add bases and with the anionic oxygens of the phosphate groups. For the bases these potential minima may be divided Into two classes (14) : those which He in the plane of the bases and which are associated in particular with the pyrimidine-type ring nitrogens and with the carbonyl oxygens, and those which lie out of the plane, above and below it, associated in particular with the amino nitrogens of the bases, Cg of the purines and Cr of the pyMmidines. In the latter case two values are presented corresponding to the two sides of the base; these values are denoted as 5' or 3 1 Indicating that they are to be found on the corresponding side of the base as the 0 5 ' or 0 ' oxygens of the sugar to which the base is linked.
The technique for the calculation of static steric accessibilities has also been previously described (9, 11) . It consists, 1n essence, of surrounding the macromolecule and the attacking species by van der Waals "contact" envelopes, allowing the attacking species to touch the van der Waals sphere of a selected atom of the macromolecule and then calculating the surface area of the van der Waals sphere of this latter atom over which the attacking species may move without causing sterically forbidden intersections between the two "contact" envelopes. The resulting measure of accessibility is termed the°2 "accessible area" of the receptor atoms and is given 1n units of A .
In the present study we have calculated the accessibility of atoms within o Z-DNA towards a sphere of 1.2 A radius which has been shown to reproduce satisfactorily accessibility towards a water molecule attacking through one of Its H atoms (9, see also 15). The results thus obtained allow us to present a comparative view of the accessibility of the various sites studied and indicate an upper limit on their static steric accessibilities toward larger and more complex attacking species.
RESULTS AND DISCUSSION
1-Electrostatic potential minima of the bases. The potential minima calculated for guanine and cytosine of the central base pairs of our model of figure la of Z-DNA are presented 1n the second columns of tables 1 and 2, respectively. We postpone the discussion of the phosphates until the final section of these results. Table 1 shows the guanine sites to have values ranging between roughly -500 and -700 kcal/mole, the numbers in parentheses indicating the order of deepening potentials. These very negative values are due, in large part, to the penetration of the strong potentials of the anionic phosphates of the backbone into the vicinity of the bases and their superposition to the potential due to the bases themselves. The most negative site is seen to be N3 followed by the 5' side of N2 and then the 3' side of this same atom. It may be noted that both N3 and N2 fall in the minor groove of the Z-DNA helix. Next in order come N7, 06 and finally the C8 site, which all lie on the convex side of the double helix, opposed to the minor groove. For cytosine (table 2) the deepest potential is that of 02, which occurs in the minor groove, followed by that of C5 and N4 which are, again, on the convex side of the nucleic acid.
These values for guanine and cytosine are compared schematically in figure 2a, from which it may be seen that the potential at 02 of cytosine (notation C(02)) is in fact the deepest of all the base sites studies, followed by N3 and N2 of guanine, after which there is a gap of more than 40 kcai/mole before we come to N7 and 06 of guanine and C5 of cytosine. N4 of cytosine and C8 of guanine have the weakest negative potentials of the sites studied.
It is interesting to note that the three sites in the minor groove C(02), G(N3) and G(N2) are clearly separated from the sites on the convex side. Their deeper potentials appear to be due to the fact that these pairs are displaced to one side of the helical axis in Z-DNA which produces a deep and narrow minor groove. The closest approach of two phosphate grups across this o o groove is only 7.7 A compared to 11.7 A in B-DNA and thus the potentials due to the anionic phosphates are strong in the minor groove and concommitantly weaker on the distant, convex side of the double helix.
2) The effect of screening the phosphates of the double helix by metal cations.
Because of indications that the Z-DNA structure may only be stable in environments with high ionic concentrations (16) 3) Steric accessibilities of atoms of the bases.
The accessible areas within Z-DNA, for the atoms of guanine and cytosine associated with potential minima, are given in the first column of the final section of tables 1 and 2. The results for guanine (table 1) show large accessible areas for N7 and 06, somewhat smaller values for C8 and N2 and a complete inaccessibility for N3. As for the potential minima, the numbers in parentheses indicate the decreasing ordering of the accessibilities.
The results for cytosine (table 2) show that 02 is relatively accessible, while both N4 and C5 are inaccessible. The ordering of accessibilities is again presented schematically in figure 5(a) from which the dominance for the bases of the two guanine atoms N7 and 06 becomes clear. We will return to these results in the following section. These potential minima for the unscreened Z-DNA are given for guanine and cytosine 1n the third columns of tables 1 and 2 respectively and in the fourth columns are the corresponding values for unscreened B-DNA.
For guanine a considerable difference in the ordering of the minima may be seen, notably the weakness of the potential for its N7 in Z-DNA as compared with B-DNA. For cytosine, the order of potentials at N4 and C5 is reversed in passing from Z-DNA to B-DNA, and one should also note that although 02 is the most negative potential site in both structures, Its magnitude is greater by 50 kcal/mole in Z-DNA.
These comparisons are perhaps more striking in the schematic illustration in figure 2 where figure 2c shows the B-DNA potentials and figure 2b the Z-DNA potentials for model (lb). From these diagrams the favouring of C(02) and the disfavouring of G(N7), C(N4) and G(C8) in Z-DNA are clear. It is to be noted, however, that the ranges of the potentials in the unscreened B-and Z-DNA's are roughly similar. We remark also that the comparison of our original potential minima for a full turn of Z-DNA, figure 2(a), with the results for the model of figure 2b shows that a linear shift has occured in the potentials but that their ordering and spacing remains unaffected.
Passing to the potential minima for the screened helices of Z-DNA and B-DNA (latter columns of the second sections of tables 1 and 2), we note that the most attractive minima of guanine and cytosine are now the same for both helices, N7 and 02, respectively. The overall distribution of values may again be compared by the use of figure 3 where 3b showsthe results for Z-DNA model lb and 3c the results for B-DNA.
We note here the disfavouring of G(N3) and C(02) in Z-DNA compared to their values in B-DNA, but also the overall shift to weaker potentials in screened Z-DNA e.g. -156.9 kcal/mole for G(N7) in screened B-DNA, and -120.5 kcal/mole in screened Z-DNA.
In figure 5 , accessibilities of atoms of Z-DNA (figure 5a) and B-DNA (figure 5b) are compared. For the atoms of the bases the Increased accessibility of G(N7). G(06) and G(C8) in Z-DNA is clear. Each of these sites is on the exposed convex side of the double helix. The accessibility of C(02) is also greater in Z-DNA than in B-DNA. te, 1s associated with a considerably stronger potential (31 kcal/mole greater than that of GpC). We have also studied the accessibility of the four phosphate oxygens of the GpC and CpG phosphates 1n Z-DNA and the results may be found in the first and second columns, respectively, of the second section of table 3. The numerotation of the anionic oxygens, 01 and 02, is shown in figure 6 . From table 3 it may be seen that the anionic oxygens, as would be expected, have much higher accessibilities than the esteric oxygens. It is Interesting to note, however, that for the tg" GpC phosphate there is a very low accessibility to Or 1 and further that there is an inbalance between Its two anionic oxygens, 02 being 60* less accessible. This latter effect seems to be due to the hindrance caused by the sugar Cr' protons on the 5' side of the phosphate group.
Comparing these results with the corresponding accessibilities of B-DNA (final column of table 3) the hindrance of GpC(02) is clearly visible. In contrast, the remaining anionic oxygens of Z-DNA have accessibilities similar to the more accessible of the two B-DNA anionic oxygens, P(01).
CONCLUSIONS
The results of this study of the potential minima and steric accessibility of the potentially reactive sites in Z-DNA show several interesting phenomena.
1) Concerning potential minima, it is observed that while for the unscreened helix the deeper minima occur in the minor groove the situation is reversed when the phosphates are screened by metal cations; in this latter case, the convex side of the polymer is favored.
2) Concerning steric accessibility, we observe that for cytosine only atom 02 is accessible while for guanine N7, 06, C8 and N2 are all accessible. In addition, a relatively low accessibility to one of the anionic oxygens of the GpC phosphate, GpC(02), has been found.
3) In comparing Z-DNA with B-DNA it 1s observed that while for the unscreened helices the magnitude of the potentials at the bases are similar in the two helices, these potentials are less negative in the screened helices for all sites of Z-DNA than for B-DNA. The ordering of the potential minima between the two structures is also changed, notably for the unscreened helices, where, in Z-DNA C(02) has the deepest potential and that for G(N7) is relatively weak while in B-DNA this situation is reversed. The deeper negative potentials associated with the phosphate anionic oxygens of Z-DNA, compared to those of B-DNA, have also been noted.
Considering together the potentials and the accessibilities of the base sites and inasmuch as the former may be considered as representing the intrinsic nucleophilicity of these sites and thus as significant at least for the long range affinity of these sites for electrophilic reactants (7, 8) , it seems likely that for unscreened Z-DNA, C(02) and possibly G(N2) should be the sites most susceptible to an electrophilic attack, while for a screened Z-DNA, G(N7) and G(06) should be favored.
